[1] Atmospheric processing of mineral aerosol by anthropogenic pollutants may be an important process by which insoluble iron can be transformed into soluble forms and become available to oceanic biota. Observations of the soluble iron fraction in atmospheric aerosol exhibit large variability, which is poorly represented in models. In this study, we implemented a dust iron dissolution scheme in a global chemistry transport model (GEOS-Chem). The model is applied over the North Pacific Ocean during April 2001, a period when concentrations of dust and pollution within the east Asia outflow were high. Simulated fields of many key chemical constituents compare reasonably well with available observations, although some discrepancies are identified and discussed. In our simulations, the production of soluble iron varies temporally and regionally depending on pollution-to-dust ratio, primarily due to strong buffering by calcite. Overall, we show that the chemical processing mechanism produces significant amounts of dissolved iron reaching and being deposited in remote regions of the Pacific basin, with some seasonal variability. Simulated enhancements in particulate soluble iron fraction range from 0.5% to 6%, which is consistent with the observations. According to our simulations, $30% to 70% of particulate soluble iron over the North Pacific Ocean basin can be attributed to atmospheric processing. On the basis of April 2001 monthly simulations, sensitivity tests suggest that doubling SO 2 emissions can induce a significant increase (13% on average, up to 40% during specific events) in dissolved iron production and deposition to the remote Pacific. We roughly estimate that half of the primary productivity induced by iron deposition in a north Pacific high-nutrient low-chlorophyll region is due to soluble iron derived from anthropogenic chemical processing of Asian aerosol.
Introduction
[2] Iron (Fe) has been identified as a limiting factor for phytoplankton growth in high-nutrient low-chlorophyll (HNLC) regions of the ocean. By modulating CO 2 uptake in these regions, it is believed that iron may influence primary productivity and hence the global carbon cycle and climate Martin, 1990] . In the remote ocean, atmospheric deposition of dust particulate matter is thought to be the major process by which iron can be supplied to ecosystems [Cassar et al., 2007; Bonnet and Guieu, 2004; Sarthou et al., 2003] , though recent studies outline also the importance of iron supply by upwelling deep water [Blain et al., 2007; Meskhidze et al., 2007] . In the atmosphere, iron can be found and transported in a variety of chemical forms, both water-soluble and -insoluble. It is generally believed that only the soluble fraction of iron can be considered as bioavailable for phytoplankton [Baker et al., 2006; Jickells et al., 2005; Achilles et al., 2003] .
[3] Measurements of the dissolved iron fraction (DIF, defined as the fraction of the total iron that is water soluble; we use this terminology to be consistent with previous studies. However, it would be more accurate to use the term ''soluble iron fraction'' because the iron need not be in the aqueous state (as implied by ''dissolved'') in the atmosphere in order to be bioavailable) in crustal material collected in source regions generally report very low values of solubility [Bonnet and Guieu, 2004] . However, numerous experimental studies, based on different analytical techniques, have shown that aerosol DIF can increase during atmospheric transport and is characterized by large variability (0.01 to 80% Baker et al., 2006; Chen, 2005] ). This variability is a source of significant uncertainty in our understanding of the impact of iron to marine ecosystems and biogeochemical cycles [Blain et al., 2008] . In global climate modeling, DIF is often prescribed as constant over the globe [Archer and Johnson, 2000; Fung et al., 2000; Gao et al., 2003; Aumont et al., 2008; Jin et al., 2007] .
[4] On the basis of laboratory evidence, several mechanisms have been proposed as factors leading to an increase of DIF during dust atmospheric transport of mineral dust. For example, photo-reductive processes promoted by oxalate or other organic substances [Pehkonen et al., 1993] , in-cloud processing [Desboeufs et al., 2001] , and acidic attack by anthropogenic compounds [Zhuang et al., 1992; Zhu et al., 1993; Spokes and Jickells, 1996; Meskhidze et al., 2003; Boyle et al., 2005] . However, because of the complexity of aerosol-phase iron chemistry, dissolution mechanisms and the limited amount of field data available to constrain models, there is still no clear consensus regarding the importance of these mechanisms in DIF evolution. For example, Luo et al. [2005] concluded than in-cloud processing was a dominant factor for iron dissolution whereas Fan et al. [2006] concluded that the coating of dust particles by sulfate from ambient trace gas deposition was likely the main factor for the enhanced fertilization of the modern northern hemisphere ocean. Despite the difficulty of atmospheric iron cycle modeling, 3D models are needed as a framework to understand the global budget and cycling of iron. An effort is being made to improve the representation of DIF evolution in global models according to these mechanisms [Luo et al., 2005; Fan et al., 2006] , although parameterizations used to describe the DIF evolution in global modeling studies are generally simplified due to the computational expense of introducing complete mechanisms.
[5] Recently, Meskhidze et al. [2005] (hereafter referred to as M05) developed an extensive mechanism to describe dust iron processing by anthropogenic pollutants and applied it to study the east Asia outflow. The scheme relies upon a description of dust heterogeneous chemistry, deliquesced particle pH evolution and mineral dissolution to predict the evolution of the DIF under different ambient conditions. In M05, this chemical scheme is coupled to a Lagrangian box model, and is used to study important mechanisms determining iron solubilization during specific dust events over the North Pacific Ocean.
[6] In the present study, we extend this approach by introducing the M05 parametrization into the GEOS-Chem 3D global chemistry transport model [Bey et al., 2001a; Park et al., 2004; Fairlie et al., 2007] . The overall goal of this study is primarily to better describe and quantify the impact of anthropogenic activities on atmospheric Fe cycling at the ocean basin scale and identify regions where dust-pollution interactions may play a major role. One of our longer term goals is to assess the potential impact of future anthropogenic activity on iron cycle and ocean fertilization.
[7] We focus this study on the north Pacific basin due to the coexistence of dust and pollution as part of the east Asia outflow, and because the remote north Pacific and particularly the subartic Aleutian and equatorial Pacific regions are identified as two main HNLC regions of the globe [Jin et al., 2007; Duce and Tindale, 1991] . After a description of the coupled scheme implementation, we will focus on results from this model over the north Pacific Ocean (NPO) domain during year 2001, during which many detailed in situ measurements are available as described below.
Model Description

Geos-Chem Chemistry Transport Model
[8] GEOS-Chem is a global chemistry transport model driven by GEOS assimilated meteorological fields from the NASA GMAO. The year 2001 GEOS-3 meteorological fields used are initially at 1°resolution and degraded to 2 Â 2.5°horizontal resolution for input to the GEOS-Chem standard configuration used in this study. The model has 48 sigma levels from the surface to approximately 0.01 hPa. In its full chemistry configuration, GEOS-Chem includes H 2 SO 4 -HNO 3 -NH 3 aerosol thermodynamics coupled to an O 3 -NO x -hydrocarbon-aerosol chemical mechanism [Bey et al., 2001a [Bey et al., , 2001b Park et al., 2004] . Sulfur compounds, carbonaceous aerosols and sea-salt emission and chemistry are accounted for and described by Park et al. [2004] , Heald et al. [2006b] and Alexander et al. [2005] . GEOS-Chem simulates aerosol mass concentrations and does not include aerosol microphysics. Of particular relevance to this study, the dust mobilization and transport scheme is described in detail by Fairlie et al. [2007] .
''Dust and Anthropogenic Modes'' Definition and Chemical Processes
[9] GEOS-Chem predicts dust emission and concentration distributed in 4 standard bins with diameter bin boundaries of 0.2, 2.0, 3.2, 6.0 and 12 mm [Fairlie et al., 2007] . Theoretically, the iron chemistry should be treated for every size resolved bin. However, in order to reduce the number of transported tracers, we did not treat chemical processes explicitly for each of the standard bins. Instead, we defined a ''dust mode'' in which all the important new species in the iron scheme (described in section 2.2.2) can be emitted, formed, transported and removed. In any grid cell and at any time, the dust mode size properties are calculated from the standard bins: the dust mode mass concentration is equal to the sum of individual dust bin concentrations, and the dust mode effective radius, settling and dry deposition velocities are calculated as mass weighted averages of the individual standard bin effective radii, settling and dry deposition velocities. This way, sedimentation and dry deposition of the new mineral species (described in section 2.2.2) transported and formed in the dust mode account for the size distribution of dust particle during transport from sources to remote areas. The wet removal of mineral species belonging to the dust mode is treated the same way as for standard dust bins and depends only on species concentrations and rainfall rates [Liu et al., 2001] .
[10] In addition to the above-defined dust mode, we define an ''anthropogenic mode'' to designate aerosol species (sulfate -nitrate -ammonia) that are treated by the standard GEOS-Chem but which are not associated to dust particles. As described below, the interactions between the dust and anthropogenic modes can occur via gas phase only, since coagulation processes are not accounted for in the model.
[11] The calculation of mineral dissolution and dissolved iron formation occurs in the dust mode and includes the following important steps: (1) the definition of an initial mineral composition characterizing dust at the source region;
(2) the heterogeneous uptake of water and soluble gases by dust resulting in a liquid coating around the dust particle; (3) the dissolution of dust minerals in this solution, depending strongly on solution pH and ambient temperature; and (4) the thermodynamic equilibrium and chemical speciation of the dissolved minerals in the solution. We will give here a description of some key aspects of the M05 scheme coupled to the 3D Eulerian GEOS-Chem model.
Dust Mineral Composition
[12] The dust mineral composition is representative of Gobi desert mineralogy and considers nine minerals listed in Table 1 . Given our primary interest in the north Pacific region, this simplification is not unreasonable. Hematite is assumed to be the only source for dissolved iron, despite the fact that a fraction of iron can be found in other minerals [Coey, 1988] and especially clays [Journet et al., 2008] . However, because of the great variability of iron content in clays, as well as the lack of related spatial distribution data, we maintain here the initial mineral composition of M05 and assume hematite is the only source of iron. As the dissolution kinetics of most of these minerals is slow, we assume that their mass fraction remains constant during transport, and their concentration is determined by the dust mode concentration and initial composition. The exceptions are calcite and gypsum, whose concentrations can vary significantly during transport due to fast dissolution and precipitation kinetics. These species are therefore represented by specific tracers in this scheme. Finally, we do not consider quartz dissolution since it does not affect solution pH.
Dissolved Species Simulated by the Model
[13] Ten tracers representing dissolved species transported as part of the dust mode have been added to the standard GEOS-Chem scheme ( Table 2) . As discussed below, the concentration of these species are determined by heterogeneous uptake of gas by dust and mineral dissolution. 2.2.2.1. Dust Mode Sulfate-Nitrate-Ammonium
[14] Sulfate is produced in the dust mode (dust-SO 4 ) as a result of the immediate condensation of gas phase sulfuric acid (calculated by the GEOS-Chem sulfate scheme) and the direct absorption of SO 2 by dust leading to production of aqueous sulfate (equation (1)).
[15] The amount of H 2 SO 4 deposited on the dust and anthropogenic modes is determined by surface area. The dust mode effective surface area S d is determined as the sum of individual dust bin surface areas which are calculated from local standard bin mass concentrations and diameters. S a represents the anthropogenic mode surface area, calculated from the anthropogenic mode sulfate concentration assuming an effective diameter of 0.12 mm, following M05. The simplified heterogeneous absorption depends on dust mode concentration [dust] , SO 2 concentration and a bulk uptake coefficient k G = 9 Â 10 À8 m 3 mg À1 s À1 [Herring et al., 1996] . To insure mass conservation and interactivity in GEOS-Chem, SO 2 and anthropogenic sulfate aerosol concentrations are depleted according to the different terms of dust-SO 4 production.
[16] Once in solution, dust-SO 4 can initiate a number of aqueous chemical reactions. At the early stage of dust transport, one of the most important reactions is dissolution of calcium carbonate (CaCO 3 ) and subsequent formation of gypsum CaSO 4 . During long-range transport of mineral dust, CaSO 4 becomes oversaturated and eventually precipitates out from the solution, in agreement with most experimental data [Zhou and Tazaki, 1996; Mori et al., 1998; Böke et al., 1999; Kim and Park, 2001 ]. This mechanism is central to the dust pH buffering effects as illustrated in the next sections. Sulfate speciation and its effect on dust pH are calculated using the thermodynamic module ISORRO-PIA [Nenes et al., 1998; Park et al., 2004] .
[17] Sources of the dust mode nitrate (dust-NO 3 ) in the model are gas-phase HNO 3 condensation to dust mode particles and direct absorption of NO 2 gas, determined by a bulk uptake coefficient (equation (2)). where [Herring et al., 1996] . Depending on aerosol chemical composition, S eq represents either the rate of condensation of gas-phase HNO 3 to the dust mode deliquesced solution or the volatilization of dissolved nitrate from the dust mode solution. We suppose here that the mass exchange between the gas and aerosol is fast compared to the model chemical time step (30 min) and that S eq can thus be reasonably determined considering thermodynamic equilibrium between gas phase precursors and dissolved compounds in the coating solution. The thermodynamic module ISORROPIA, which treats the system water-ammonia-sulfate-nitrate-chloride-sodium system, is used for this purpose. In order to account for possible transfer of mass between the anthropogenic mode and the dust mode via the gas phase, ISORROPIA is run iteratively for each mode until stable gas phase concentrations are obtained.
[18] On the same principle, the dust mode ammonium (dust-NH 4 ) is determined only via gas NH 3 phase condensation/ evaporation driven by thermodynamic equilibrium. Following M05, we did not consider at this stage chlorine compounds in the system.
Dust Mode Mineral Cations
[19] CaCO 3 dissolution/precipitation is one of the major controls of mineral aerosol solution pH. Calcite dissolution is treated explicitly as a kinetic process depending on pH and temperature of the dust coating solution.
Where W Ca/cal is the fraction of Ca in calcite and R ca is the dissolution rate of calcite given by:
R ca has units of moles of calcite dissolved per gram of dust per second, K r has units of mole dissolved/m 2 of calcite/s and is a function of temperature, T, a(H + ) is the H + activity (linked to pH), m = 1 is an empirical parameter, f is a function of Gibbs free energy, DG r , and accounts for the variation of the rate with deviation from equilibrium, A = 0.1 is the specific surface area of mineral in units of m 2 /g of calcite, and W = 11 is the weight fraction of the calcite in dust in units of g of mineral/g of dust.
[20] As mentioned above, CaSO 4 dissolution is not considered as a source of calcium cations in view of evidence that gypsum precipitates in mineral aerosol during long-range transport. Finally in equation (3), S Ca/CaSO4 represents a sink term due to precipitation of CaSO 4 which is determined by equilibrium thermodynamic process described in M05. When precipitation occurs, dust-Ca 2+ with equivalent molar amount of sulfate is removed from the solution.
[21] The remainder of the dust-mode mineral cations (Table 2 ) results from the pH-and temperature-dependant dissolution kinetics of different dust minerals summarized in Table 1 . Dissolution follows the same formulation as equation (4) and specific rate constants are detailed in M05. All cations are first converted to equivalent molar concentration of sodium before entering aqueous-phase equilibrium reactions in ISORROPIA for speciation and pH determination. As discussed in M05, such simplification should not lead to significant errors in production of dissolved Fe. Nevertheless, the new version of ISORROPIA (ISORROPIA II [Fountoukis and Nenes, 2007] ) that explicitly accounts for calcium and other mineral cations chemistry will be implemented in future and may represent an improvement for the present dust-iron chemistry scheme.
Dust Mode Dissolved Iron
[22] In our approach, dust mode dissolved iron (dust-Fe d ) results exclusively from the initial content of dissolved iron associated with dust particles and hematite dissolution during transport.
[23] We fixed the dust initial DIF (i.e., at the emission source) to be 0.45 %. This value is the average measured DIF in a dust source region in Dunhuang, China during the ACE-Asia campaign [Chuang et al., 2005] . For reference, measured values ranged from 0.05 to 1% and we chose the mean value of 0.45%. The effect of changing initial DIF is discussed in section 4.
[24] Hematite dissolution follows a formulation similar to equation (4) (see M05 for full details) but a more complex three-stage kinetic process is considered for specification of dissolution constant (K r ). The first stage, which is characterized by relatively slow dissolution, is applicable to the dissolution of the first 0.8% of the oxide's mass; the second stage, with an accelerated dissolution rate likely associated with the digestion of the oxide phase [Gorichev et al., 1976] is applied when the mass of oxide dissolution ranges from 0.8 to 40%; and the third stage is applied when the dissolved mass is >40%, as dissolution approaches completion [Azuma and Kametani, 1964] .
[25] The acid dissolution of Fe from hematite produces dissolved iron initially in a +III oxidation state. Once in solution, Fe(III) can be speciated in different complexes according to solution pH (see Table 2 ), including an amorphous phase.
[26] Subsequent photoreduction cycling in solution (FeIII/FeII) has been shown experimentally [Pehkonen et al., 1993; Siefert et al., 1994] but is not accounted for in the model. As discussed in M05, this cycling is not likely to modify the total amount of dissolved iron, as long as the solution remains undersaturated with regards to Fe(III), which is most often the case.
[27] Dissolved Fe(II) can, however, be directly produced from the solid phase and enter the solution phase via photoinduced reductive dissolution processes, possibly promoted by organic photo-sensitizers (e.g., oxalate, formate and other humic species) currently found in aerosols and cloud droplets [Pehkonen et al., 1993; Siefert et al., 1994; Warneck, 2000] . These processes are not considered in the present study and would require further model development. Their potential impacts on iron dissolution enhancement have been discussed through sensitivity studies in M05.
[28] Finally, in the present study, the possibility of dissolved iron carried by the anthropogenic mode has not been considered. As discussed below, this source of iron, which has been linked to combustion activities, could be significant in the vicinity of industrialized regions [Chuang et al., 2005; Luo et al., 2008] .
Iron Processing on the North Pacific During April 2001
[29] Aerosol concentration, chemical composition and transport for the East Asian continental outflow has been previously studied by a number of investigators, notably during the TRACE-P and ACE-Asia field campaigns [Jacob et al., 2003; Huebert et al., 2003] and from studies combining modeling Zhang and Carmichael, 1999] and remote sensing [Kim et al., 2007] . The GEOS-Chem model has also been extensively evaluated over this domain, focusing on ozone chemistry [Bey et al., 2001b] , anthropogenic aerosols [Park et al., 2004; Heald et al., 2006a Heald et al., , 2006b ] and dust aerosol [Fairlie et al., 2007] . Model simulations for the chemical evolution of mineral iron in dust plumes advected over the NPO have also been performed . In this section, we will present GEOS-Chem simulation results performed in full aerosol-chemistry mode including the new dust chemistry scheme described above. The simulations focus on 1 -30 April 2001 and incorporate a 15-day spin-up time from 15 March to 1 April.
[30] GEOS-Chem simulations for trans-Pacific transport of dust and pollution for April 2001 period have being extensively validated by Heald et al. [2006a] using groundbased data as well as satellite aerosol optical depth (AOD) and CO retrievals. In the present study, we will focus on newly introduced variables affecting Fe dissolution.
Simulation and Evaluation of the Dust Heterogeneous Chemistry
[31] The iron dissolution scheme described in section 2 relies upon a number of hypotheses regarding dust mineral composition and heterogeneous chemistry processes. To evaluate the realism of the scheme, it is first necessary to evaluate key variables determining dissolved iron production during the dust transport. These variables are (1) the total iron content carried by dust and (2) the concentration of major dissolved ions which determine the pH of deliquesced mineral dust particles. We compare simulated results to surface measurements collected during April 2001 over the NPO domain ( Figure 1 ) as part of the ACE-Asia campaign. We use data from the Kosan (sometimes Gosan) supersite located on Cheju (sometimes Jeju) island, South Korea, which is frequently situated in the outflow of continental east Asia, as well as data from the R/V Ron Brown cruise which sampled the western Pacific region, primarily in the Yellow Sea and Sea of Japan. For data farther east in the NPO region, we also considered another set of shipboard measurements collected primarily west of Hawaii during April 2001 [Chen, 2005, Fairlie et al. [2007] show that the GEOS-Chem dust module is able to reproduce the timing and location of dust outbreaks during the ACEAsia period. Figure 2a shows that the intense outbreak of 10 April over the Kosan site is reasonably reproduced by the model. Measured aerosol size distributions from the Kosan site during large dust breaks exhibits a lognormal mass distribution centered on 5 mm diameter, indicating that most of the dust mass should be accounted for by the model since it has a maximum size of 12 mm diameter. However, part of the underestimation of simulated dust concentration (Figure 2a ), notably during lower amplitude dust events (19 -26 April), could be due to a significant fraction of the mass transported by the particles larger than this maximum size. Uncertainties in simulated dust emission, transport and removal processes are also possible factors for the disparity between model results and local experimental data [Fairlie et al., 2007] . Figure 2b shows that the model simulates realistically the total iron evolution, suggesting validity of our initial estimate of fixed total iron content in the soil at the source region. Differences between model results and in situ data for dust laden total Fe seen on Figure 2b are likely attributable to the above mentioned underestimation of dust concentration. Also, note that the total iron measured at Kosan site under non-dusty conditions could be enhanced by anthropogenic sources [Chuang et al., 2005] as discussed below.
[33] Figure 2c compares model predictions for total Fe concentrations with those measured on the Ron Brown farther east from continental Asia (note approximately 1 day delay in peak dust concentration). Figure 2d shows that that total iron concentrations even farther east in the Pacific are still reasonably simulated when compared to C05 measurements. One exception is 19 April when model significantly underestimated total iron. The large measured values are most likely related to the previously mentioned 10 April event. During the transport of this intense dust event, the model shows a strong concentration gradient in the midPacific (data not shown). The underestimation of the concentration peak, which is measured locally, could be due to inaccuracy in simulated transport/diffusion of the plume. Overall, the model and measurement comparisons of total aerosol mass and iron content at Kosan, onboard the R/V Ron Brown and in the remote Pacific for are considered sufficiently realistic for the purposes of this study.
Sulfate
[34] Dissolved sulfates play a major role in the acidification of the dust aqueous phase and subsequent dissolution of dust minerals. In this section, we perform an evaluation of model results against aerosol sulfate observations available in the above mentioned data sets.
[35] Aerosol analysis performed at the Kosan supersite during ACE-Asia are related to the total suspended matter and compared directly with model results (recall the latter accounts only for PM12). Figure 3a displays the measured total nss-sulfate concentrations against simulated particulate sulfate species, namely anthropogenic sulfate, dust mode sulfate and sulfate bound to CaSO 4 (the latter is not dissolved) over Kosan. Overall, the total soluble sulfate (anthropogenic + dust-SO 4 ), is underestimated which can possibly point out to basic model uncertainties like emission underestimation or some transport/removal issues affecting aerosol plumes when comparing to local measurements (in section 3.2.4 and Table 3 , we show through a sensitivity study that an increase of SO 2 emission can indeed result in an enhancement of dust mode dissolved sulfate). However, if we include sulfate bound to dust-CaSO 4 in the model/ measurement comparison (Figure 3a) , we see that this sequestrated sulfate could also account for a significant fraction of the model discrepancy, especially during dust dominated events. In our simulation, dissolved dust-SO 4 concentrations are almost zero during the intense dust event due to the strong calcium buffering (10 -13 April, Figure 3a) , whereas soluble sulfate is still observed in association with dust in the Kosan measurements [see also Arimoto et al., 2006; Sullivan et al., 2007] . It may be possible that a fraction of CaSO 4 could exist in a soluble form, or be dissolved during laboratory extraction of water-soluble ions. However, if we do not consider this hypothesis, the comparison with measurements suggests that SO 2 scavenging could be underestimated in the model, or that a fraction of formed gypsum should remain soluble. This comparison is incomplete due to the fact that there is no experimental data of gypsum content from Kosan. We note that the simulated soluble dust-SO 4 fraction tends to increase for lower intensity dust events (14 -24 April, Figure 3a) , outlining that the dust buffering capacity has been reached in the model and that simulated dust-SO 4 starts to accumulate significantly in solution.
[36] Comparisons of model results with Ron Brown super-micron measurements (Figure 3b ) for nss-sulfate are qualitatively similar to those from Kosan. Since these measurements isolate the super-micron particles, we assume that all measured sulfate is here associated with dust particles and thus directly comparable to simulated dust-SO 4 . During the main dust event the RB measurements show some peak in nss-sulfate associated with dust, whereas simulated dustsulfate are mostly bound to dust-CaSO 4 . Again, the possibility that a fraction of simulated gypsum actually remains in solution or is being extracted to solution during aerosol analysis could explain the discrepancy between model and measurements for the large dust event (10 -14 April, Figure 3b ).
[37] Figure 3c presents a comparison of simulated sulfate to C05 nss-sulfate measurements in the mid-Pacific. Measurements show large nss-sulfate concentrations that could result from transport of pollution from East Asia or Hawaii, as well as local formation from DMS oxidation [Prospero et al., 2003] . The soluble sulfate simulated by the model resides mostly in the anthropogenic mode and is reasonably consistent with measurements. As outlined in C05, soluble nss-sulfate is not as strongly correlated to dust than it is for Kosan and RB data sets during intense dust outbreak due to different sulfate source contributions. Hence it is actually difficult to assess from the observations which fraction of sulfate is associated with dust and to evaluate whether the model underestimates the dust-sulfate fraction.
Other Ions
[38] Numerous studies have outlined the efficiency of HNO 3 scavenging by dust [e.g., Jordan et al., 2003] . In Figure 4a , it is observed that most of the simulated dissolved nitrate is associated with dust (high fraction of dust-NO 3 compared to anthropogenic NO 3 ) especially during the most intense dust event (10 -13 April). As outlined previously for the Kosan data set, dust concentrations tend to be underestimated. As most of the nitrate is associated with dust, the dust concentration underestimation could lead directly to an underestimation of dust-NO 3 compared to measurements, especially for 13 April and 19-26 April period (see Figures 2a and 4b ). Inversely when comparing to the RB data (Figure 4b ), dust-NO 3 are overestimated mainly for 10-11 April when total iron concentrations (and likewise dust concentrations) are overestimated. If we normalize dust-NO 3 by dust concentrations, the agreement between model and measurement becomes better for both data sets (data not shown). During the prefrontal period (8-9 April), Arimoto et al. [2006] showed that measured NO 3 during the RB cruise is mostly associated with sea salt, whose contribution is not accounted for in this model comparison. After 9 April, however, the sea salt nitrate contribution is much less significant and therefore is unlikely to strongly affect these comparisons.
[39] For both Kosan and RB comparisons, simulated dust-NO 3 show similar patterns to dust-Ca 2+ (Figures 4a,  4b and 5a, 5b), which is consistent with observations and thermodynamic equilibrium [see also Arimoto et al., 2006;  Kline et al., 2004] . Dust-Ca 2+ results from the equilibrium between acidic uptake, CaSO 4 precipitation and pH-dependant calcite dissolution. For the Kosan data, gypsum formation results in a lower dust-Ca 2+ which, by thermodynamic equilibrium, leads to a reduced HNO 3 uptake compared to observations (Figure 4d ). The simulation of both dust-NO 3 and dust-Ca 2+ tends to be better when compared to RB data during the 10-18 April dusty period. As a cruise samples different geographical locations, any local transport biases might be smoothed out in this case.
[40] Compared with C05 data over the remote Pacific, Figure 4c shows a large overestimation of soluble NO 3 simulated by the model, which is primarily formed in the dust mode. However, C05 outline that measured nitrate concentrations are rather low and tend to be in conflict with long-term observations of Midway Island [Prospero et al., 2003] reporting an average concentration of 480 ng m À3 for April (1981 -2001) , which is much more consistent with our model results. Figure 5c shows that dust-Ca 2+ are quite consistent with measurements. This suggests that, unlike for Kosan and RB observations, C05 data do not show a strong evidence of soluble nitrate being associated to dust whereas the model does. The reason for this discrepancy is not totally clear to us.
[41] The behavior of simulated dust-NH 4 matches dust-SO 4 since uptake of NH 3 is most efficient when the dust has been previously acidified [Sullivan et al., 2007; Song and Carmichael, 2001] . Because of this, when dust-Ca 2+ content is large compared to dust-SO 4 , dust-NH 4 tends to volatilize out of solution and eventually condense again in the anthropogenic mode. At Kosan, simulated NH 4 + resides primarily in the anthropogenic mode (Figure 6a) , and the amount ammonium is relatively well-simulated after the frontal passage. The super-micron Ron Brown data (Figure 6b) indicates that the ammonium concentration should be higher in the dust mode than is simulated by the model. The precipitation and neutralization of simulated dust-SO 4 during the large dust event did not allow for a preacidification of dust and therefore efficient NH 3 uptake, in apparent contrast with the data. This argument holds when comparing the model results to C05 data (Figures 6c and  3c) , where both simulated soluble dust-NH 4 and dust-SO 4 concentrations are also low compared to observations.
[42] Overall, the simulated behaviors of major soluble ions show some consistency with surface concentrations measurements. The major problem arising is that neutralization of simulated dust-SO 4 appears to be overly efficient during big dust events in the continental outflow, when observations still show soluble sulfate associated with large dust concentrations [see also Arimoto et al., 2006] . It is possible that a fraction of gypsum can stay in solution when the model causes it to precipitate, or that the SO 2 scavenging rate and therefore soluble sulfate is underestimated. Unfortunately, available data cannot constrain these hypotheses since the solid CaSO 4 fraction was not explicitly measured. The precipitation of gypsum in a given particle and at a given time depends on concentrations dust-Ca 2+ and dust-SO 4 ratio and hence from the chemical history of the particle including different gases scavenging, mineral dissolution and equilibrium processes. As outlined in the data analysis by Sullivan et al. [2007] , this history can be very complex and still very challenging for modeling, even using the most comprehensive schemes. The representation of chemical processes is also complicated by the fact that a CTM model grid box is supposed to be well mixed which is not necessarily the case for an observation station situated relatively close to intense sources.
[43] In the next sections, we use the model to explore further dust-pollution interactions and their effect on iron dissolution at the scale of NPO basin. The impact of the potential model biases identified in this section on these results will be discussed as part of this analysis. [45] 1. During 7-14 April, intense dust transport over the North Pacific and predominantly the western (west of 180 E) part of the domain (Figure 7a ) dominates.
Simulation of Mineral Dissolution and Dissolved
[46] 2. During 15-21 April, the dust concentration over the western part of the domain drops, whereas pollution levels tend to increase (Figures 7b, 7e) . The eastern part (east of 180 E) of the domain shows significant amount of dust transported from the previous week and limited pollution.
[47] 3. During 22-28 April, a weaker dust event begins over continental east Asia, whereas dust concentrations over the central and eastern Pacific remain moderate. However, larger simulated black carbon (BC) concentrations over the middle and eastern Pacific indicate strengthened transPacific pollution transport (Figures 7c, 7f ). For each of these three characteristic weeks, we discuss the evolution of simulated mineral dissolution over the domain. 3.2.1. Dust Acidity Buffering and pH Evolution 3.2.1.1. During 7 -14 April
[48] This period is characterized by large dust concentrations over east Asia, specifically the region 35-55 N, 100-140 E. The fraction of calcite to total calcium in the dust mode remains large for this region (Figure 8d ), whereas the CaSO 4 fraction is fairly small (Figure 8g ). This indicates that the CaCO 3 alkalinity reservoir remains large in this region and is able to buffer all the acidity linked to anthropogenic emissions. Consequently, average pH values remain high over this source region (Figure 9a ).
[49] Southward, in the region 15-35 N and 100-140 E, the decrease of dust concentrations and the increase of pollutant concentrations over southern China result in a decrease of CaCO 3 fraction. This gradient is associated with a conversion of the alcite pool to enhance dust-Ca 2+ and dust-CaSO 4 fractions (Figures 8a, 8d and 8g) , allowing also more anions to be in solution and leading to decreased pH values.
[50] Moving eastward to the NPO (140 E to 140 W), the calcite fraction tends to slowly decrease (Figure 8d) indicating the progressive aging of dust. This aging tends to be enhanced on the southern edges of the dust outflow where the pollution levels are larger with a resulting acidification of dust particles (Figure 9a ).
During 15-21 April
[51] Compared to the previous week, the average dust concentrations are much lower (but still significant) over continental east Asia and western Pacific regions, where large amounts of pollutant are also present (Figures 7b, 7e) . The relative amount of dust-CaSO 4 formed is maximum in the window 20 -40 N; 100 -140 E, indicating a large reduction of the calcite pool (Figures 8e, 8h) . Because the buffering capacity of dust is exceeded, an enhanced acidification of the particles can be observed with a decrease in simulated pH (Figure 9b ) over southern China.
[52] On the eastern part of the Pacific basin (east of 180 W), the simulation shows higher values of calcite present in dust which results from the previous week's large dust event advected over the basin. The amount of CaSO 4 formed has also reached a limit in this area, indicating that dust issued from the large event occurring on 15-21 April did not undergo any significant additional mineral dissolution while advecting over the Pacific. This is illustrated directly by the average pH fields (Figure 9b ) which remains large and almost unchanged compared to the source dust pH. A fraction of the large dust plume has been also transported farther to the south, where it forms a local calcite and pH maxima in the 10-25 N and 140 -180 E region.
During 22-28 April
[53] The east Asia source region (100-120 E) is characterized by the beginning of a new dust event, and the prevailing dust regime is similar to the 7-14 April regime over the dust source continental area. Over the NPO basin, the dust exhibits relatively low calcite fractions (Figures 8c, 8f and 8i) associated with an enhanced CaSO 4 fraction. This indicates that dusty air masses from the 22-28 April have a weaker buffering capacity and therefore a higher potential for acidification. This acidification is enhanced over the 5-20 N; 100E -160W region of the domain as shown on the average pH field (Figure 9c ).
Soluble Iron and DIF Evolution
[54] The dissolved iron concentration plotted in Figures 9d, 9e and 9f depends on the dust amount, which determines the total iron concentration, and the dissolved iron fraction (DIF, section 2). Part of the DIF (0.45%) is fixed as the initial condition and the other part results from chemical processing. For 7 -14 April, relatively large concentrations of dissolved iron are found over the source region where dust concentrations are the largest (Figures 9d and 7a ). For this region and north of 30 N (Figure 9g ), the DIF is very close to its initial value of 0.45% indicating that no significant processing occurred due to the acidity buffering effect discussed previously. South of 30 N on Figure 9g , a slight enhancement of DIF resulting from the interaction with anthropogenic acidic compounds is visible. Accordingly, the relative contribution of soluble iron due to atmospheric processing is larger for this region.
[55] DIF enhancement becomes more intense for 15-21 and 21-28 April cases while transitioning from an intense dust regime to a lower dust regime (Figures 9h, 9i) . During 22-28 April, the average dissolved iron fraction ranges from 1 to more than 6 % over the NPO, with the highest values close to major anthropogenic sources. The local maximum of dissolved iron visible in the mid-Pacific on Figure 9f results from a significant amount of dust that has interacted with pollution and has gone under significant iron processing to reach an averaged DIF of almost 3%. If we consider the initial DIF contribution (0.45%), it means that $84% of soluble iron present in this air mass was produced via dust pollution processing under our model assumptions.
[56] According to these model results, we see that the moderate dust regime is more efficient for producing soluble iron (via interaction with anthropogenic pollution) during transport over the remote Pacific than the intense dust regime. This result is in line with M05 box model study except that it is illustrated here in a spatially resolved way.
Comparison With Soluble Iron Measurements During April 2001
[57] How realistic are the soluble iron concentrations produced by the model? To address this question, we use data from the Kosan [Chuang et al., 2005] and C05 data sets which provide measurements of soluble iron during the April 2001 period. [58] Model results are compared to these measurements in Figure 10 . Despite comparable magnitudes, soluble iron measurements and simulations over Kosan show noticeable discrepancies (Figure 10a ). Simulated soluble iron follows the simulated dust concentrations, largest values being obtained during the intense dust event of 10-14 April on Figure 10a . However, Kosan soluble iron measurements don't show any obvious correlation with total iron. When analyzing this data set, Chuang et al. [2005] showed that soluble iron was primarily correlated to black carbon, from which they deduce that there exists a dominant (relative to mineral dust) combustion-derived soluble iron source. On the basis of these results, the potential magnitude of dissolved iron associated to BC has been studied by Luo et al. [2008] who conclude that this source could indeed be significant compared to dust close to the largest pollution sources of east Asia. In the present simulation, the soluble iron associated with BC is not accounted for and that could be one reason for the discrepancy between model and measurements. A second reason will also be discussed below.
[59] Besides soluble iron concentrations, it is also important to focus on the DIF which characterize the chemical processing efficiency for dissolved iron production. Figure 10c suggests that the model overestimates the dissolved iron fraction during the intense dust event (10 -13 April). Because almost no processing occurs in the simulation due to strong buffering effects over Kosan area during the intense dust front, this could point out a problem in setting an initial value for the dissolved iron fraction. The initial DIF is based on measurements from one sampling site. As stated in section 2, these measurements exhibit a range of 0.05 to 1% at the Dunhuang site, which demonstrates that variability in initial DIF can explain the discrepancy in simulated and observed DIF during the large dust events. Given that dust measured in Kosan can be emitted from different regions, it seems likely that an even larger variability in the actual initial DIF can be found. Again, not including combustion iron in the model is another possible source of DIF biases.
[60] Because simulated and observed DIF are relatively comparable for the period of 19 to 30 April, the underestimation of total iron concentration (compare discussion in section 3.1.1 and Figure 2b ) partly explains the underestimation of dissolved iron concentration. This underestimation may also be partly due the absence of the anthropogenic iron source in the model. [61] The better agreement of simulated versus measured DIF, which both show an increasing trend during the moderate dust regime, could be explained by a point raised in the study by Chuang et al. [2005] : under certain conditions, iron processing can be responsible for a strong observed correlation between dust-soluble iron and pollutants (for which BC is a good tracer), while dust and total iron are poorly correlated. Such a correlation could be obtained if pollutants that convert insoluble iron to soluble forms are limiting. In the case of Kosan data, isolating the fraction of dissolved iron directly emitted with anthropogenic BC from the fraction of dust dissolved iron formed in acidic air masses rich in BC is not really possible and would require more observations as well as finer modeling studies. In either case, however, anthropogenic pollution plays a central role in forming soluble iron.
[62] In the remote Pacific region, Figures 10c and 10d show model output versus C05 measured concentrations of soluble iron and associated DIF. C05 measured concentrations are quite large compared to typical conditions as a result of the intense trans-Pacific dust transport from east Asia. C05 analysis showed also that soluble iron concentrations were strongly correlated to dust during the cruise, which facilitates here the comparison and interpretation of model results, as it appears that anthropogenic soluble iron is less important. Simulations of soluble iron are reasonably consistent with observations as seen in Figure 10b , both in magnitude and trend. The underestimation of simulated soluble iron appearing on 19 and 9 -12 April is mainly due to the previously discussed total iron underestimation (Figure 2d ). The simulated DIF (Figure 10d) is also underestimated before 12 April, but the impact of this underestimation is balanced by the fact that both model and concentration in dust and total iron are very low for these days. Simulated and measured DIF evolution are relatively consistent from 15 to 26 April. Simulated DIF shows a slightly increasing trend from 19 to 26 April as the dust to pollution ratio tends to decrease (compare Figure 10d and section 3.2.1). A slightly increasing trend can be also seen in the C05 DIF measurements on the same period, although it is obviously difficult to conclude with such a short time series. This does support the importance of acidic processing for soluble iron deposition to the remote NPO.
Sensitivity of Dissolved Iron Fraction to Anthropogenic SO 2 Sources
[63] Understanding how soluble Fe content of mineral dust may be influenced by variations in anthropogenic emissions is important considering the rapidly increasing emissions in East Asia [Ohara et al., 2007] . We performed a test in which we ran a simulation with doubled SO 2 emissions for April 2001, all other conditions remaining unchanged, and compared it to the test case studied in previous sections. Such a doubling of SO 2 emission is considered to be reached, or even exceeded, by 2020 in SRES A1B and A2 emission scenarios [Nakicenovic et al., 2000] .
[64] We find that, on average, an SO 2 emission increase results in a significant increase of dust mode dissolved sulfate over the different measurements sites (Table 3) . This demonstrates that, as expected, enhanced SO 2 emissions results in enhanced sulfate scavenging, and that uncertainties on simulated dust mode sulfate content are strongly dependant on uncertainties on sulfur emissions. We examine hereafter the consequences of enhanced SO 2 scavenging by dust on soluble iron production.
[65] Figures 9j, 9k and 9l display the mean relative difference of dissolved iron production between the SO 2 Â 2 simulation and the reference case for the three weeks of April 2001. This fraction can be interpreted as a relative change of dissolved iron concentration or, equivalently, dissolved iron fraction, since total iron remains unchanged between the two cases.
[66] During the intense dust event (7 -14 April, Figure 9j ) the relative increase of dissolved iron production remains globally limited and virtually unchanged in the high dust region. In spite of a doubling of SO 2 emissions, the buffering effect of dust in this situation is still sufficient to prevent dust acidification and iron dissolution over most of the dust region. A limited enhancement ($5%) of dissolved iron production can nevertheless be observed locally in the outflow in the 35 N 140 -160 E region.
[67] During 15 -21 April, this high dust/low pollution air mass is now located on the eastern part of the basin (east of 180W), and therefore this region does not exhibit a significant sensitivity to SO 2 doubling on Figure 9k . However, in the region to the west of 180 W, we obtain a significant enhancement of dissolved iron production, ranging between 10 and 40%. Over the ocean, the enhancement tends to be larger along 25 and 35 N pointing out a sensitive area in term of dust-pollution interactions. It is worth noting that some regions showing already a high DIF in the reference case, like the southeastern part of the domain on Figures 9h  and 9k , do not show a strong sensitivity to SO 2 emission doubling. For these regions, it is likely that dust solution was already acidic in present-day conditions. Consequently the rate of hematite dissolution was already close to its maximum value and did not undergo any significant increase.
[68] Finally, the week of 21-28 April shows the most significant increase in soluble iron production. The characteristic middle Pacific maximum region pointed out previously (Figure 9f ) exhibits an enhancement in dissolved iron production of 20 to 40 % (Figure 9l ). Interestingly, we see a significant increase of soluble iron production of about 25% in the vicinity of the Aleutian islands, a sub region studied hereafter.
[69] For April 2001, the evolution of regional dissolved iron deposition under SO 2 doubling conditions matches the evolution of DIF. In order to quantify this evolution, we present in Table 4 the dissolved iron deposition flux (wet and dry deposition as detailed in section 4) averaged over April 2001 and for two regions of the domain materialized on Figure 1: (1) the NPO region (3-65N; 120 E-115W) and (2) a remote Pacific region (40 -60N; 135 -170W) roughly representing a well-identified HNLC region [Moore et al., 2002; Meskhidze et al., 2005] . According to the model, a doubling of SO 2 emissions would induce a monthly averaged increase in soluble iron deposition of 6% for the NPO domain, and 13 % for the remote HNLC domain. These results suggest a potentially important role of future changes in anthropogenic activity in the iron budget of remote marine ecosystems. However, this role will also change with changes in emissions of dust and other chemical species, and with changes in transport patterns.
Seasonal Variation of Dissolved Iron Fraction and Dissolved Iron Deposition Over the NPO Basin
[70] In previous sections, we focused on soluble iron formation during April 2001 due to the interest in dust sources, which are maximum in the spring, as well as the availability of observational data. However, it is important to evaluate the role of dust/pollution interactions in dissolved iron production over longer timescales, which is more relevant in terms of climatic impact. As an initial study toward this goal, we present the results of a one-year simulation performed for 2001. The results are presented in term of seasonal averages. However, since some of the winter months were used for the spin up of the model, winter season results are not displayed.
Average Concentrations and DIF Over the NPO
[71] Figure 11 displays the simulated seasonal distributions of dissolved iron and the associated dissolved iron fraction. As mentioned in previous sections, the total soluble iron is partly determined by initial condition on DIF (set to 0.45 %) and partly results from chemical processing during transport. These two contributions are displayed in Table 5 and Figure 12 for which seasonal concentrations have been averaged over the two north Pacific sub-region defined in section 3.2.4. In Table 5 , we ).
report soluble iron concentrations calculated for initial DIF in the range between 0.05 and 1%, which corresponds to the range of DIF variability observed in the Dunuhang source region (as discussed in section 2).
[72] The maximum dissolved iron concentrations are obtained during the MAM spring period which corresponds to the maximum dust activity over east Asia. The seasonal DIF varies between 0.5 and 6% and tends to increase at the south of the domain and close to anthropogenic sources (Figure 11b) , as a result of higher pollution/dust ratios and temperatures. In the spring, chemical processing accounts for about 36% (range 20 % to 83 % under different initial DIF conditions; see Table 5 ) of the total dissolved iron averaged over the north Pacific region and about 30% (range of 16 to 80 %) over the remote HNLC sub-region (Table 5 and Figure 12 ). The contribution of chemical processing to the production of dissolved iron in long-range transported aerosols is highest during the summertime (JJA) with values reaching $66% (range of 47 to 95%) for both the NPO and HNLC regions (Table 5 and Figure 12 ). In summer, lower dust emissions and generally increased pollution concentrations, warmer temperatures, enhanced aerosol residence time due to less wet deposition and more stagnant conditions over the basin, are all factors which tend to enhance dissolved iron production. In the northern part of the domain DIF can now reach 4 to 6% which is larger than spring values (Figure 11e ). In fall (SON), the simulated DIF tends to decrease compared to JJA, ranging from 2 to 6 % over the basin (Figure 11h ). For SON, the average fraction of soluble iron formed via processing is about 60% (range of 40 to 93%, Table 5) in the NPO and remote HNLC subregions. Therefore pollution/dust interactions appear to be an important mechanism controlling the production of soluble iron during the less dusty summer and fall seasons.
Seasonal Deposition of Soluble Iron
[73] Dissolved iron deposition to the ocean surface is the most relevant quantity for evaluating biogeochemical impacts [Jin et al., 2007; Blain et al., 2008] . Deposition occurs via dry and wet deposition processes, both accounted for in GEOS-Chem. Figures 11c, 11f and 11i display the simulated seasonal average of soluble iron total (dry+wet) deposition. Consistent with most studies Fan et al., 2006] , dust dry deposition in GEOS-Chem is only significant in the neighborhood of intense continental dust sources whereas most of the deposition to the remote NPO (roughly East of 140 E) is dominated by wet removal (results not shown). On a yearly basis, the GEOSChem total dust deposition over the basin is very compa- rable to the state of the art estimation of annual deposition fluxes published in the study by Jickells et al. [2005] . Seasonally, soluble iron deposition to the remote Pacific not only depends on total dust amount and atmospheric processing, as we have focused on thus far, but also on precipitation activity over the basin.
[74] Spring appears to be the most efficient season in terms of soluble iron deposition to the NPO and remote HNLC sub-regions (Figures 11c, 11f and 11i and Figure 12 ) compared to summer and fall. Relatively large concentrations of dissolved iron and greater amounts of precipitation occurring over the basin combine to give this spring maximum. Regionally, the spring deposition patterns displayed in Figures 11c and 12 show significant deposition levels in the northeastern Pacific region corresponding to the HNLC region.
[75] During summer and fall, simulated soluble iron deposition values are generally lower, particularly east of 180 E, including the northeastern Pacific region. For the HNLC sub-region, the average deposition is lower in summer than in fall despite the fact that mean soluble iron concentration evolve in the opposite direction ( Figure 12 ). This difference is due to greater average rainfall occurring in fall over the HNLC sub-region.
[76] Luo et al. [2005] and Fan et al. [2006] have estimated the annual deposition fluxes of soluble iron by examining the possible influence of different processes, notably the effect of hematite dissolution, using a more simplified version of the M05 scheme. On an annual basis, our dissolved iron estimations are quite comparable in magnitude over the NPO. We obtain slightly larger values for the mean DIF and deposition flux over the basin, but these differences are small relative to uncertainties in iron cycle modeling and model to model variability. Another quantification of deposition fluxes has been proposed by Fan et al. [2006] , including dust-SO 2 pollution interaction with a simplified two-step process. Over the NPO, our results show in general less iron processing and lower DIF values in remote regions. Our average soluble iron deposition fluxes are almost one order of magnitude lower than the estimates by Fan et al. [2006] . It is quite difficult to assess the reasons for discrepancies between models without carrying out detailed model intercomparison, which is beyond the scope of this study. One possible factor is that dust deposition is more intense in the study by Fan et al. [2006] since their global estimation is situated in the higher range compared to the Jickells et al. [2005] estimates. Another possible reason is that Fan et al. [2006] have used much faster mineral dissolution kinetics compared to our present scheme.
[77] If we consider a phytoplankton cellular Fe:C ratio of 5 mmol mol À1 [Moore et al., 2002] , we can very roughly estimate a primary production associated with iron deposition fluxes in the HNLC sub-region where iron likely serves as the limiting nutrient. Under this assumption and according to our results averaged for the nine simulation months during 2001, the primary production would be 2.4 molC m À2 yr À1 for this sub-region. If we assume now that preindustrial DIF was constant and equal to 0.45 % (i.e., the initial value considered for unpolluted dust regions) this production would be reduced to 1.2 molC m À2 yr À1 . Therefore soluble iron derived from anthropogenic activities emission is responsible for roughly 50% of the primary production associated with iron deposition flux. This further suggests that anthropogenic factors should be represented in global biogeochemical models.
Conclusions
[78] Dissolution of iron contained in dust minerals during atmospheric transport is an important issue in order to understand and quantify the deposition of bioavailable iron to the ocean and ensuing biogeochemical impacts. In this study, we coupled a detailed iron dissolution scheme describing the effect of anthropogenic chemical compounds in the GEOS-Chem 3D chemistry transport scheme. Our conviction is that only a detailed treatment of complex chemistry processes occurring in the aerosol phase can allow for substantial improvement in understanding the observed variability in dissolved iron fraction. This study is a first step toward this goal.
[79] Heterogeneous chemistry occurring between coated dust particles and major anthropogenic gaseous species is very important because it regulates the pH of the coating solution forming on dust particles and the mineral dissolution kinetic and release of soluble iron. In the GEOS-Chem dust model we introduced mechanisms to account for the uptake of acidic trace gases and subsequent chemical reactions in deliquesced mineral aerosols. The simulated concentrations of major inorganic ions occurring in the dust mode were compared with different data sets over the Pacific Ocean. The model showed reasonable consistency with observations. Some problems have nevertheless been identified, the main one being a possible overestimation of solid gypsum formation which decreases the amount of sulfate in the solution and perturb its chemical composition and pH. The ionic strength of the solution might be therefore underestimated but further effect on pH and hematite dissolution rates are difficult to assess. Aerosol heterogeneous chemistry is an active research topic, and Sullivan et al. [2007] pointed out the complexity of dust/ pollution interactions in the Asian outflow which remains a major challenge for current models.
[80] Focusing on the April 2001 period, different chemical environments occurring in the East Asia outflow have been studied with the model. In agreement with the box model study by Meskhidze et al. [2005] as well as soluble iron observations, we showed that iron dissolution rate is a function of dust-to-pollution ratio, and that medium dust/ high pollution episodes were more efficient to produce soluble iron during transport over the remote Pacific.
[81] At the seasonal timescale, our simulations suggest that the largest production of soluble iron through chemical processing of dust occurs in summer, owing to higher pollution-to-dust ratios, enhanced temperature and longer residency time of particles over the NPO basin. However, because of frequent large dust outbreaks spring is still the period for the largest net export and deposition of dissolved iron to the Pacific. It should be noticed that chemical production rates of dissolved iron and the magnitude of bioavailable iron deposition to the ocean were calculated employing an initial composition of mineral dust and dissolved iron fraction representative of unpolluted source regions in the east Asia. Although these values were determined from measurements, and were also discussed through a sensitivity study in M05, one should keep in mind that spatial variability of dust mineralogical composition is an important source of uncertainty in our model simulations. Since dust composition determines chemical properties (e.g., calcite buffering potential) of dust particles, before extending this study to the globe, the dust mineral composition variability should be explicitly accounted for.
[82] Simulated DIF fields were also in reasonable agreement with the few observations available over our domain. However, over Kosan site, we saw that anthropogenic dissolved iron emitted as a result of combustion activities could be locally important and explain the discrepancy between model and measured soluble iron concentrations. As suggested by the recent Luo et al. [2008] study, these sources should be considered in regional and global iron modeling. Although actually not well understood and constrained, the treatment of anthropogenic mode iron processing could follow some similar path to dust mode processing, since acidity of particles is an essential factor to determine iron dissolution.
[83] To the extent that this mobilized Fe is the limiting micronutrient in oceanic ecosystems, air pollution from China could be responsible for enhancing the marine ecosystem productivity associated to iron deposition (and perhaps carbon uptake) in North Pacific Ocean waters. Rough estimates showed that this enhancement could reach 50% in a remote HNLC region, with an iron induced primary production increasing from a pre-industrial values of 1.25 molC m À2 yr À1 to 2.44 molC m À2 yr À1 . This result (originally proposed by Meskhidze et al. [2003] ) could be important for understanding and predicting the climate change and requires further investigations, involving more detailed observations and modeling studies of the interactions between airborne dust and air-pollutants. Sensitivity simulations for doubling of SO 2 emissions showed that production of dissolved iron in mineral dust could increase by up to 40% in the remote Pacific region, primarily due to increased acidity.
[84] Simulated dissolved iron fractions obtained in this study range from 0.5 to 8 %. Note that this domain is likely to be a favorable location for strong dust-pollution interactions. These values are within the range of measurements conducted in North Pacific [Luo et al., 2005; Chen, 2005] , although at the global scale much larger DIF are sometimes reported in literature. In addition to uncertainties associated with dust emission, transport, composition and heterogeneous chemistry, acid mobilization mechanisms in deliquesced aerosols could also be the subject of further improvement [Cwiertny et al., 2008] . Furthermore, in this study we primarily focused on acid mobilization of iron in deliquesced aerosol and did not explicitly consider enhancement of iron dissolution rates by photo-reductive dissolution in the presence of organic complexing agents [Cornell and Schindler, 1987; Suter et al., 1988; Siffert and Sulzberger, 1991; Pehkonen et al., 1993] or clouds [Spokes et al., 1994; Desboeufs et al., 2003; Spokes and Jickells, 1996; Hand et al., 2004; Mackie et al., 2005] . Despite the great advancement in our capability of modeling enhancement of iron dissolution by organic compounds like oxalate, the mechanistic treatment of dissolution and photo-chemical cycling of iron in regional and global atmospheric chemistry-transport models remains as a challenging issue. Toward this goal, it is necessary to use the models able to concurrently treat the organic precursor chemistry, aerosol thermodynamics and aqueous chemistry, and reductive photo-dissolution of iron oxides. Several additional improvements to iron dissolution scheme could include more complete thermodynamic equilibrium (ISORROPIA II) and aerosol microphysics schemes [Trivitayanurak et al., 2007] .
